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ABSTRACT: Sewage contamination in shallow lake sediments is of concern because the 18 pathogens, organic matter and nutrients contribute to the deterioration of the water-bodies 19 health and ecology. Sediment cores from three shallow lakes (Coneries, Church and Clifton 20 Ponds) within Attenborough nature reserve located downstream of sewage treatment works 21
were analysed for TOC, C/N, δ 13 C, δ 15 N, bacterial coliforms and faecal sterols. 210 Pb and 22 137 Cs activities were used to date the sediments. Elemental analysis suggest that the source of 23 organic matter was algal and down profile changes in δ 13 C indicate a possible decrease in 24 productivity with time which could be due to improvements in sewage treatment. δ 15 N for 25 Coneries Pond are slightly higher than those observed in Church or Clifton and are consistent 26 with a sewage-derived nitrate source which has been diluted by non-sewage sources of N. 27
The similarity in δ 15 N values (+12‰ to +10‰) indicate that the three ponds were not entirely 28 hydrologically isolated. Analysis by Gas-Chromatography Mass-Spectrometry (GC/MS) 29 reveal that Coneries Pond had sterol concentrations in the range 20 to 30 µg/g (dry wt.), 30 whereas, those from Clifton and Church Ponds were lower. The highest concentrations of the 31 human-sourced sewage marker 5β−coprostanol were observed in the top 40 cm of Coneries 32
Pond with values of up to 2.2 µg/g. In contrast, Church and Clifton Pond sediments contain 33
Introduction

11
Sewage pollution is a major cause of decreasing water quality in rivers and lakes within the 12 UK and throughout the world. The presence of human and animal faecal matter at elevated 13 concentrations in waters and surface sediments in shallow lakes is of widespread concern for 14 two reasons. Firstly, the complex chemical mixture causes nutrient enrichment, 15 eutrophication, toxic algal blooms and water column anoxia which in turn can lead to a 16 reduction in species diversity and ecosystem instability. Secondly, untreated sewage can, 17 under specific conditions, provide a growth medium for bacterial and viral pathogens that if 18 ingested by humans leads to diseases such as Salmonella, Cholera, Diarrhoea, Typhoid, 19
Gastroenteritis and Hepatitis A (Mudge and Ball, 2006) . 20 
21
Estimation of sewage pollution is normally elicited from the quantification of total coliforms, 22 faecal coliforms and faecal Streptococci, which, although not pathogenic, serve as proxies for 23 pathogenic bacteria and total sewage input. However, the use of these indicator organisms 24 provides little information concerning the source or age of the faecal material and requires 25 that waters and sediments be analysed soon after collection. A complementary approach to 26 evaluate sewage discharge and accumulation in rivers, lakes, estuaries and marine 27 environments is to characterise specific groups of molecules contained within the sewage 28 Sediment cores were collected on 22 and 23 rd May 2007 from Church Pond (SK 51600, 1 34150), Clifton Pond (SK 52300, 33697) and Coneries Pond (SK 51234, 33856) ( Fig. 1) . 2
The deepest part of the lake was located for coring using a handheld echo sounder and 3 position marked using a Garmin 12 GPS system. Cores were sampled using a wide-diameter 4 (14 cm i.d.) Livingstone type corer specially designed for the retrieval of large volumes of 5 sediment. The core tube was pushed into the sediment until an impenetrable layer (basal 6 gravel and sands) assumed to mark the inception of the lakes was reached. After each 7 successful deployment-retrieval cycle the core was transported back to shore, whereupon the 8 core was extruded and sampled every 1 cm for coliform counting and every 2 cm for 9 elemental and isotopic analyses. Sub-samples for faecal sterol and stanol concentrations were 10 collected at 4 cm resolution (~10 g wet/wt) and were stored in polyethylene bags and 11 transported back to the laboratory at ~4 ºC, then immediately frozen (-70 °C by their emissions at 662kev and 59.5kev (Appleby et al., 1986) . The absolute efficiencies of 1 the detector were determined using calibrated sources and sediment samples of known 2 activity. Corrections were made for the effect of self absorption of low energy gamma rays 3 within the sample (Appleby et al., 1992) . 4 
5
%TOC, C/N, carbon and nitrogen isotope ratios 6 7
Total organic carbon and nitrogen from which we derive weight C/N ratios were analysed 8 alongside carbon (δ 13 C) and nitrogen (δ 15 N) isotope ratios. %C, %N and δ
13
C were measured 9 on homogenized, acid-washed sediment while the δ 15 N was measured on raw homogenized 10 sediment.
13 C/ 12 C analyses were performed by combustion in a Costech Elemental Analyser 11 (EA) on-line to a VG TripleTrap and Optima dual-inlet mass spectrometer, with δ 13 C values 12 calculated to the VPDB scale using within-run laboratory standards calibrated against NBS-13 18, NBS-19 and checked using NBS-22. Replicate analysis of well-mixed samples indicated 14 a precision of + <0.1‰ (1 SD). %TOC and C/N ratios were calibrated against an Acetanilide 15 standard, with a precision of + <0.1 for C/N. All C and N values in this current work are 16 expressed on a weight ratio basis. 15 
Coliforms 23 24
In the laboratory two grams of sub-sample was transferred to a sterile universal container 1 using aseptic technique. To each sub-sample 20 ml of sterile demineralised water was added 2 and the contents centrifuged at 750 g for 10 minutes to disassociate bacterial cells from 3 sediment samples (Furtado and Casper, 2000) . The supernatant was then removed and used 4 for microbial inoculations. The method used for enumeration studies was based on the 5 standard method of membrane filtration (MF). The supernatant was filtered through a 0.45 6 µm cellulose nitrate filter (Gelman). Each filter was then placed onto a petri dish containing a 7 pad saturated with Membrane Lauryl Tryptose Broth (Oxoid). The dishes were incubated for 8 24 hours at 35 ºC. Yellow colonies of between 1 mm and 3 mm were counted as presumptive 9 coliform bacteria (total coliforms). 10 Common compound names were used throughout this work to enable comparison with 3 previous studies. The eleven faecal sterols measured were cholestane (5α-cholestane), 4 coprostanol (5β-cholestan-3β-ol), 5β-epicoprostanol (5β-cholestan-3α-ol), cholesterol 5
ethylcholest-5-en-3β-ol) and 5β-stigmastanol (24α-ethyl-5α-cholestan-3β-ol); 
Coliform counts 15 16
Total coliform counts in sediment cores from Clifton, Church and Coneries Ponds are 17 presented in Figure 5 . Bacterial coliform numbers were highest between 0-10 cm for all three 18 cores and no coliforms were detected at depths >64 cm at any of the sites. Coliform numbers 19 in Church and Coneries were maximal at ∼400 colony forming units (CFU)/g sediment, 20
whereas the coliform counts for Church remained at <200 CFU/g sediment throughout ( 
Sterol and Stanol Concentrations 19 20
Total sterol concentrations decrease down profile in all three shallow lake sediment cores. 21
Church and Clifton are broadly similar, with the highest values observed at the surface (0-4 22 cm) and a gradual fall in sterol concentration to <10 µg/g at 12-16 cm (Fig. 6) . Small changes 23 in sterol concentrations occur from 12-16 to 56-60 cm and an increase in sterol values occurs 24 in Clifton at 58-68 cm and Church at 60-64 cm (Fig. 6) . In contrast, Coneries total sterol 25 depth-profile shows higher concentrations in the range of 20 to 30 µg/g at the surface to 36-1 40 cm depth; thereafter, there is a progressive decrease in concentrations to the base of the 2 core at 74 cm. 3 
4
Ten of the eleven individual sterols were observed in this study; the compound 5α-cholestane 5
was not detected in any of the sediments. As expected cholesterol is the most abundant sterol 6 in the surface sediments at Coneries with concentrations in the range of 4.1 to 8.5 µg/g 7 whereas, β-sitosterol is the principal sterol at the surface in Church and Clifton with 8 concentrations in the range of 6.5 and 16.1 µg/g (Fig. 6 ). β-sitosterol is known to be derived 9 from vascular plants and together with cholesterol, stigmasterol and campesterol are the main 10 sterols which undergo reduction by enteric bacteria to yield 5β-stanols (Leeming et al., 1996) . (Fig. 6) . Previous studies have 5
reported that 5β-stigmastanol is derived from the intestinal microbial reduction of the plant 6 derived marker sitosterol . Therefore, the presence of 5β-stigmastanol at 7 elevated concentrations relative to other sterols could indicate faecal matter from herbivorous 8 animals and, particularly, ruminant animals such as cows and sheep. Within Coneries Pond, 9
the high proportion of 5β-stigmastanol relative to other sterol markers in the mid-portion of 10 the core profile suggests a possible manure/slurry input and that the accumulation had 11 recently decreased as evidenced by the decline in 5β-stigmastanol values at the near surface 12 <10 cm (Fig. 6) . Clear evidence that Coneries has also received input from plant matter is 13 suggested by the presence of another sterol plant marker, campesterol, at concentrations up to sterol values at 58 cm depth was probably due to input of herbivore faecal matter. 19 
20
Concentrations of coprostanol in the samples from Coneries range from 2.2 at surface to 0.04 21 µg/g (dry wt) at a depth of 70 cm with an average of 0.64 µg/g (Fig. 6 ). In contrast, 22 coprostanol concentrations are low and declined rapidly at Church and Clifton with the 23 exception of a single coprostanol peak at a depth of 62 cm in Church. In general, sediments 24 with coprostanol concentrations of 0.5 µg/g are considered to have received appreciable 25 amounts of sewage pollution (Readman et al., 2005) . Thus, using this criteria, almost the 1 entire Coneries core is polluted with sewage, Church is contaminated at 2 cm and 62 cm 2 depth and Clifton is not polluted, the highest coprostanol concentration being 0.4 µg/g at 3 surface. This likely reflects the fact that although both Church and Clifton Ponds were 4 connected to the Erewash system prior to 1981, they were less directly connected than 5
Coneries, which lies directly between the main river inflow and the major outflow. Although 6 treated sewage effluent is discharged into the Erewash in liquid form, the high abundance of 7 coprostanol in Coneries as compared to Church and Clifton supports the view that faecal 8 sterols rapidly partition into the solid phase (Mudge and Ball, 2006 ) and their accumulation is 9 then controlled by fluvial/lacustrine sedimentation processes. 10
.3 Application of sewage indicator ratios to source apportionment 12 13
The ratio 5β-coprostanol to total sterol provides one measure of human derived sewage input; 14 it has also been demonstrated that human faecal contamination is indicated by 15 coprostanol:cholesterol values >0.2. Raw untreated sewage typically has a 5β-coprostanol / 16 cholesterol ratio of ~10, which decreases through a sewage treatment plant (STP) such that in 17 the discharged liquid wastewaters the ratio is approximately 2; undiluted STP wastewaters 18 may be identified by this high ratio. As the faecal matter is dispersed in the environment, the 19 ratio will decrease as more (non-faecal) cholesterol from animals is encountered (Grimalt and 20 Albaiges, 1990; . In this study, coprostanol was detected in 16 out of 18 21 sediment levels in Coneries Pond, ranging from 2.2 ng/g at the surface to 0.1 ng/g at a depth 22 of 62 cm (Fig. 6 ). Down core, coprostanol to cholesterol ratios are greater than or equal to the 23 0.2 threshold value in 14 of the 18 sediment depth intervals, confirming that Coneries Pond 24 has been subject to human sourced faecal matter which had been treated (Fig. 7) . One 1 plausible explanation is that the sewage treatment plants on the Erewash had discharged into 2 the river which flows into Coneries Pond. Lower ratios ranging from 0.1 to 1.9 occur in the 3 three levels at the base of the sediment core suggesting lower contribution of sewage sourced 4 faecal matter in the early 1970s. In contrast, sediments from Clifton or Church Ponds gave 5 coprostanol:cholesterol ratios ranging from 0 to < 0.2, which suggests that the sediments have 6 not been subject to a significant amount of human-sourced sewage pollution (Fig. 7) . Taken  7 together this suggests that earth embankments that separate the Ponds (Fig. 1) may act as  8 filters for the particulate organic matter (including sewage). 9
11
Human sourced faecal contamination can be tracked in sediments using the proportion of 12 coprostanol:(coprostanol+5α-cholestanol) Grimalt and Albiages, 1990) . 13 5α-cholestanol is formed naturally in the environment by bacteria and generally does not 14 have a faecal origin. Sediments with coprostanol:(coprostanol+5α-cholestanol) values > 0. 7 15 are considered contaminated with human faecal matter whereas those with values < 0.3 are 16 categorised as uncontaminated. Sediments with ratios between these criteria can not be 17 readily apportioned on the basis of this ratio alone. In this work, Coneries sediments at 54, 18 62, 66 and 70 cm depth gave ratios of 1.0 because no 5α-cholestanol was detected; at 19 shallower depths, ratios varied in a non-systematic manner from 0.1 to 0.34 (Fig. 7) . 20
Examination of the Clifton coprostanol:(coprostanol+5α-cholestanol) profile showed low 21 values indicating minimal human faecal pollution and similarly Church yielded ratios of 22 between 0 to <0.3 with the exception of 62 cm depth which gave a value of 1.0 (Fig. 7) . 23
During sewage treatment, 5β-coprostanol may be converted to the 5β-cholestan-3α-ol form, 24 epicoprostanol, and there is also a slow conversion of 5β-coprostanol to epi-coprostanol in 25 the environment and so this ratio will indicate either the degree of treatment of sewage or its 1 age in the environment (Mudge and Ball, 2006 ). In the current study Coneries 5β-coprostanol 2 to epicoprostanol ratio varied from 0.2 to 0.6 and Clifton gave ratios of 1.1 and 0.6 at 2 and 6 3 cm depth respectively (Fig. 7) . A cross-plot of the 5β-coprostanol / cholesterol ratio against 4 the epi-coprostanol / 5β-coprostanol ratio can indicate both faecal contamination and 5 treatment (Fig. 8) . The sediments from Church and Clifton Pond indicate little sewage input 6 and / or a high degree of treatment whereas sediments from Coneries Pond plot in an area 7 indicative of greater sewage input. 8 
9
It has been previously reported that in sediments, bacteria preferentially produce 5α-10 cholestan-3β-ol (5α-cholestanol) from cholesterol rather than the 5β isomer (Bull et al., 2003; 11 Bull et al., 2002) . This reaction occurs principally in anaerobic reducing sediments and the 12 5α-cholestanol / cholesterol ratio may be used as a secondary (process) biomarker for such 13 conditions. No cut-off values have been suggested for this marker and so it is used in a 14 relative sense; the greater the ratio, the more reducing the environment. The 5α-cholestanol / 15 cholesterol vertical profiles are presented in Figure 9 . Clifton sediments show a rather 16 constant value of ~1, Church sediments were maximal at 2.8, whereas Coneries values range 17 from 0.5 to 6.1 indicating a possibly more reducing environment at 20 to 50 cm (Fig. 9) . It is 18 also plausible that the rise in 5α-cholestanol / cholesterol ratios between 50 to 25 cm depth in 19
Coneries could be related to changing redox conditions in the sedimentary column and or 20 varying sewage treatment practices such as the introduction of filter beds and activated 21 sludge plants. 22 
23
Principal component analysis 24
PCA indicates that a single variable at each lake is dominating the main patterns of 1 variability in the sterol data with the first axis explaining 82.5%, 71.0% and 67.7% of the 2 variability for Clifton, Church and Coneries Pond respectively (Figs. 10-11 ). Combining the 3 datasets together indicates that that this variable is constant across all sites (PCA axis 1 4 eigenvalue = 0.613) and when combining sites individually (Fig. 10 Clifton and Church). 5
The first axis is dominated by sterol characteristic of faecal matter such as β-sitosterol and 6 and the by product of sewage treatment epicoprostanol. isotope do not. Furthermore, the concentration of specific biomarkers such as 5β-24 coprostanol and ratio of coprostanol to cholesterol ratios clearly distinguish human 25 from ruminant sources at Coneries Pond. However, application of epicoprostanol to5β-coprostanol ratios and 5β-coprostanol to cholesterol values to infer the degree of 1 treatment of sewage or its age in the environment gave results which were ambiguous. 2 3 Overall, the extraction and analysis of sewage biomarkers in sediments provides 4 environmental forensic information that complements bulk geochemical and isotopic data and 5 supplements traditional microbiological methods used in the study of lakes. 6 7 
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